We propose and demonstrate a method for shaping the focus of high intensity lasers into an annular or "donut" mode. The method, based on helical phase plates, has been implemented at the PHELIX laser facility.
Introduction
As was demonstrated in preliminary works [1] , there are notable advantages to run high-intensity laser experiments with engineered laser foci. Laser focus shaping has been used in optical trapping in relatively small laser systems [2] but such a manipulation of the laser beam appears quite complicated at large laser apertures and therefore it has not received a lot of attention in the high-intensity laser community so far. In this talk, we propose and demonstrate the focal spot shaping of the high-energy high-intensity laser PHELIX, using phase plates in a manner that can easily be implemented in laser chains that rely on image plane transport. The focus of the work has been in the definition of diffractive elements which turn the Gaussian beam of the laser front end into a top-hat beam that focuses into a hollow beam. Experimental evidence of the propagation invariance of such beam have been gathered and confirmed by simulations.
Hollow Beams
Because it is very hard to directly shape the focus of a high-intensity laser, we decided to act on the beam at the front end of the laser and use beam shapes that are propagation invariant. Laguerre-Gaussian (LG) beams [3] fulfill this conditions and the LG01 mode is of particular interest because of its annular intensity distribution. The beam shaping is done by applying a transmission phase mask with a helical shape so that a discontinuity is introduced at the centre of the beam. This implies that the singularity in the beam, that is, its hollow character, is constant along the propagation axis of the beam, and in particular is realized also in the far-field at its focus. The LG mode also guarantees that no peak intensity is present in the intermediate field and the risk of damage to the laser chain is low. However, a pure LG01 mode exhibits a large hole in the middle of the beam that is not compatible with the need for energy extraction in a large laser amplifier. In other words, the amount of energy that the LG01 beam would carry is small compared to the standard PHELIX "top hat" beam of the same dimension. For this reason, we use an amplitude mask together with the phase mask to shape the Gaussian beam of the PHELIX front end into the desired hollow beam. Thanks to image plane transport in the laser system, the process does not depend on which image plane is chosen to do the beam shaping. For obvious cost and convenience reasons, we decided to implement it at the input of the PHELIX pre-amplifier, where the beam dimension is only several millimeters wide as shown in Figure 1 .
Experimental results and simulations
We have developed a model that allows simulating the propagation of the laser beam along the PHELIX amplifier in which the measured spatial phase distortions can be taken into account. This model has been used to assess the robustness of the method against external phase distortions. Figure 2 (b) shows the measured far field intensity distribution at the output of the laser amplifier, scaled for a 100 J laser pulse. One sees that the beam has been shaped by the diffractive element into a hollow beam where there is a zero-energy point in the middle. The simulated beam (a) is in excellent agreement with the measured data. We use our model to study the influence of optical aberrations and manufacturing errors on the beam quality. We have found in particular that the beam shaping is sensitive to certain aberrations and a discussion on the quantitative tolerance of the beam will be presented at the conference.
In conclusion, we have demonstrated laser focus shaping at a high intensity laser facility. Our simulations show that such a beam could greatly reduce the initial angular divergence of proton beams accelerated using the target normal sheath acceleration process. The direct application will be an increase of the number of particle that can be injected into standard accelerator structures.
